Introduction
It has long been recognized that urban areas have their own climates (Howard 1818 ; see also Arnfi eld 2003 and Oke 1982) and are generally warmer than surrounding rural areas. Th e urban environment has the capacity to store heat during the day, which originates from both absorption of solar radiation and human activity (for example, exhaust gases from traffi c, heating and cooling of buildings, and human metabolism). Th is absorbed heat is then released at night. Many buildings are designed to take account of this phenomenon as a means of keeping their interior temperatures within defi ned limits. Because of this heat release, night-time air temperatures in urban areas are higher than surrounding rural areas. Th e temperature diff erence between the urban and rural area is referred to as the "urban heat island" (UHI). Th e UHI is also sensitive to the ambient weather and climate. Urban populations are therefore exposed to both urban-induced climate modifi cation and larger-scale climate change resulting from increasing greenhouse gas concentrations. An understanding of current and possible future changes in the magnitude of the UHI is therefore necessary for planning and developing of adaptation and mitigation strategies.
Many diff erent models have been developed to model and understand the UHI. Th ese can be broadly categorized as empirical models based on relationships between observed temperatures and various characteristics of the urban environment (Unger 2006) , key atmospheric variables (Wilby 2003) , or physical models that attempt to simulate the important heat and moisture exchanges above an urban area (Best 2006; Masson 2006) . However, not all of these models are suitable for estimating future UHI intensities. Empirical models are specifi c to certain cities or climate domains, and statistical relationships between atmospheric variables and the UHI may change in the future. Representing cities within climate models is therefore necessary to study climate impacts on urban populations and understand the links between the UHI and the climate of the surrounding areas. Th is is the objective of this chapter.
Th e Met Offi ce Hadley Centre in Exeter, England, has developed a landsurface scheme, which can be used within a climate model to represent surface heterogeneity at scales smaller than the model's resolution. Th is scheme (MOSES2; Essery and others 2003) operates at the same spatial scale as the climate model and divides each surface grid square of the climate model into up to nine diff erent surface types (called tiles), of which one represents urban areas and the others represent grass, trees, and other surfaces. Th is surface scheme has been used in a global climate model (GCM) to simulate the UHI of London.
1 An additional heating term may be added to the surface energy balance equation of the urban area, which represents the anthropogenic heat source present in all cities. More recently, MOSES2 has been implemented into a regional climate model (RCM) that has a much higher horizontal resolution than the GCM. Th e RCM and the land surface scheme are described here. Th e model simulations presented explore the sensitivity of urban temperatures to the location of the urban area, climate change, and anthropogenic heat release. Th e simulations do not represent a robust projection of future climate in any given location.
The Met Offi ce Hadley Centre Regional Climate Model (HadRM3) and Land Surface Scheme (MOSES2)
At the scale of a GCM, which generally has a horizontal resolution of the order of hundreds of kilometers, the infl uence of urban areas on the simulated climate is negligibly small and has generally been ignored within the climate change-modeling community. Limited-area RCMs are now available that have much higher spatial resolutions. Th e Met Offi ce Hadley Centre RCM HadRM3 (Buonomo and others 2007) uses a horizontal resolution of 25 kilometers. However, even this resolution is not suffi cient to explicitly capture UHIs. Urban areas are poorly resolved, but a methodology has been developed to capture the city-scale impacts of urbanization on climate. Th e urban tile within MOSES2 is used to provide a representation of cities, and a more complete description of the urban model is given elsewhere (Best 2005; Best, Grimmond, and Villani 2006) . Another tile within MOSES2 is classifi ed as grass (and represents boreal grasslands). For all model grid cells, the UHI is calculated using surface air temperatures of the boreal grass and urban tiles.
In the RCM simulations, the urban surface properties are not modifi ed geographically. Consequently, the urban tile represents a hypothetical city with identical surface properties located within each grid cell of the climate model. Determining and validating appropriate parameter settings for the urban model at diff erent locations is beyond the scope of this study. For example, details of the surface albedo, thermal properties of buildings, ratios of building heights to street widths, and orientation of streets would be needed (Unger 2006) . Th e implementation of MOSES2 within the RCM means that the climate of all nine tiles is calculated for every model grid square, regardless of whether that land type is present. Th e climate of each tile is not used further in the model unless it is present in the model grid square. Th is feature is useful because it allows potential UHIs to be calculated at all locations in a consistent way within the model domain.
Th e area studied with the RCM is Europe and the Mediterranean coastal areas of North Africa (see fi gure 7.1 for a map of this area). Th e infl uence of global climatic change is introduced at the boundaries of the regional model by prescribing temperatures, winds, and other key meteorological variables. Th e climate projections from the RCM are therefore consistent with the driving GCM projections and add realistic detail at the fi ner spatial scales.
As mentioned in the introduction, an additional and well-documented driver of urban climate is anthropogenic heat released through human activity in cities, such as heating and cooling of buildings, exhaust gases from traffi c, and even human metabolism. Energy-use statistics for London and Manchester have been analyzed to estimate the heat fl ux for these cities (GLA 2006) . Th e results suggest that heat fl uxes averaged over a 25-kilometer RCM grid cell located over the city centers to be about 25 W m . Estimates of energy consumption and heat released in these latter cities support the higher value. Two additional sets of climate simulations have been conducted, with the heat fl ux set to 0 and 45 W m −2 (75 W m −2 for the larger cities). It is outside the scope of this chapter to assess future energy use for cities, but these experiments will provide a quantitative assessment of the sensitivity of urban areas to changes in the anthropogenic heat fl ux. It might be expected that the heat release during winter will fall as temperatures warm, whereas it may rise in summer owing to increased cooling demands. Th ese potential changes in the seasonality of the anthropogenic heat release could impact on the modeled urban temperatures. In the present study, the anthropogenic heat release was assumed to be uniform throughout the year and is included as an additional source term to the surface energy balance equation of the urban tile.
Model Experiments
Th e diff erent experiments performed with the RCM are listed in table 7.1. In total, seven diff erent experiments have been carried out to validate the regional model and to test the sensitivity of the simulated urban and rural tempera- Obs (HadCRUT3) tures to climate change and, in the case of urban areas, to diff erent assumptions regarding anthropogenic heat release. For all the regional climate simulations, suitable boundary conditions were supplied from a climate projection for the period 1950-2099 created with the global model HadCM3 (Collins and others 2006) . Th is global model simulation used greenhouse gas emissions from a medium-high emissions scenario (A1B; Nakićenović and Swart 2000) . Th is scenario assumes rapid introduction of new and effi cient technologies, with a balance between fossil fuel use and alternative energy sources (IPCC 2007) .
Results
Th e results obtained from the model experiments are discussed next.
Validation of Modeled Temperatures
Simulations of surface air temperatures from run (a) (see Th is overestimation is not signifi cant for the purpose of this study.
Urban and Rural Temperature Differences
Th e diff erences between the urban and nonurban surface daily minimum and maximum temperatures averaged over the period 1971-90 are shown in fi gure 7.2, using results from run (a). In run (a), although the urban fractions are zero, the surface temperatures of the urban tiles are still calculated (table 7.1) . Th e temperature diff erences between the urban and grass tiles from run (a) are shown in fi gure 7.2. It is clear that the urban areas surface characteristics have a large impact on daily minimum temperatures in both seasons, which are 1 to 4 degrees Celsius larger than the rural areas, but with a larger heat island overall in summer than winter. Daily maximum temperatures are 0.5 to 2.0 degrees Celsius higher in summer and 0 to 1 degrees Celsius higher in winter. Th is result is in qualitative agreement with observations of urban temperatures. Th e simulated UHI for London has been compared with the UHI calculated using measured temperatures from two locations within the city and a suitable rural location (data not shown). Using monthly mean values, the modeled heat island lies between the two heat islands calculated from observations. However, no comparison of modeled and observed urban climates was conducted for other cities. Th e model experiments are designed to explore the sensitivity of urban temperatures to the location of the urban area, anthropogenic heat release, and climate change.
Impact of Climate Change on Modeled Urban and Nonurban Temperatures
Th e impact of climate change on modeled urban and nonurban temperatures is shown in fi gure 7. Note: A positive value indicates that the urban temperatures are higher than the rural temperatures. The daily minimum temperatures are between 1 and 4 degrees Celsius higher in both winter and summer, but overall are larger in summer. Daily maximum temperatures in summer are higher by 0.5-2.0 degrees Celsius and in winter are 0-1 degrees Celsius higher in the urban tile. The warmer temperatures of the urban tile are an addition to the modeled climate. The warm bias in the modeled climate for summer means that the urban temperatures could be overestimated very slightly, but not by enough to change the conclusions of this study. degrees Celsius degrees Celsius (f) Urban T max change in summer the panels (e) through (h) show the diff erences in maximum temperatures (T max ). In all cases the diff erences are positive, indicating that temperatures in the future are warmer than those in the present. Minimum temperature changes in winter are similar for the urban and nonurban tiles except for northwestern Europe, where a larger increase occurs on the nonurban tiles. For summer, the patterns and magnitudes of the increases in T min (between 2 and 4 degrees Celsius) are similar for the urban and rural tiles, but overall the urban tiles are warmer. Th e winter changes in T max are between 1.5 and 4.0 degrees Celsius, and summer changes lie between 2.5 and 3.5 degrees Celsius, for both urban and nonurban tiles; the summer temperature increases are fairly uniform across the model domain. Th ese results suggest that climate change is the main driver of increases in daily maximum temperatures, whereas increases in daily minimum temperatures are caused by the properties of the urban area itself.
Impact of Anthropogenic Heat Release on Future Urban Temperatures
As previously discussed, the release of heat within urban areas could have a signifi cant impact on urban temperatures. Th e set of experiments listed in table 7.1 assesses the possible impact of this heat release on future urban temperatures. In this section, results from runs (b), (e), and (g) are compared. In these three runs, a fully coupled urban tile was included in the model, allowing any feedbacks between the urban environment and the atmosphere to be simulated. Th e model will still calculate a temperature for the urban tile at all locations in the model, even if the urban fraction is zero. Subtracting the temperatures in run (e) from run (g) gives the size of the temperature increase for the future period (2041-60) caused by the anthropogenic heat release. Th e simulation using the tripled heat fl ux (run [g]) was chosen because it is assumed that the heat fl ux will increase in the future. Only changes in urban minimum temperatures are shown in fi gure 7.4; minimum temperatures increase by the largest amounts, as has been shown previously. Th e urban temperature increases from fi gures 7.3(a) and 7.3(b) have been repeated here, so the temperature increases due to climate change can be compared with those from the anthropogenic heat release.
A comparison of fi gures 7.4(b) with 7.4(a) and 7.4(e) with 7.4(d) shows that the anthropogenic heat release has increased minimum temperatures in both winter and summer, and the greater impact is seen in winter, particularly over northern Europe. Th e increases in urban tile minimum temperatures resulting from the anthropogenic heat release only are shown in panels (c) and (f) for winter and summer, respectively. Th e anthropogenic heat release is responsible for increases in urban temperatures between 0.2 and 1.0 degrees Celsius, again with a larger impact in winter than summer. Th is increase is signifi cant compared with the magnitude of the modeled UHI with no heat release of 1 to 4 degrees Celsius. A detectable feedback is seen between the urban areas of the largest cities and the atmosphere at the scale of the RCM, resulting in further elevation of the UHIs. For example, in panels (c) and (f), small circular areas with temperature increases of approximately 0.6 to 0.8 degrees Celsius are located over London, Moscow, and Paris, indicating that these urban areas (which are represented in the model) are warmer than identical urban areas where no feedback occurs. Note: Panels (a) and (d) show temperature differences between runs (e) and (b), and panels (b) and (e) show the temperature differences between runs (g) and (b). The impact of the heat release only is shown in panels (c) and (f), which are the differences between panels (b) and (a) and (e) and (d), respectively. Th e separate impacts of climate on the maximum and minimum temperatures of the four cities Athens, Cairo, London, and Moscow, and on their respective UHIs, is now assessed. Th ese four cities were chosen because they lie in very diff erent parts of Europe. Two lie in the north of Europe, and the other two are located in the Mediterranean area and have hotter climates. First, the seasonal cycles in minimum and maximum temperatures for each city are shown, together with the sizes of the modeled UHIs. Next, the occurrence of extreme temperatures for the present day and future are calculated and discussed.
Seasonal Cycles of Surface Temperatures
Figure 7.5 depicts the seasonal temperature cycles for each city. Th e data shown are monthly mean values averaged over the period 1971-90 from urban areas in run (b) and rural areas in run (a) (see table 7 .1). First, the cycles of maximum and minimum temperatures for urban and rural areas are considered. In all four cases, the lowest temperatures are found in winter and the highest in summer. Th e temperature range is greatest for Moscow and Athens. Th e UHI is defi ned as the diff erence in temperature between the urban and rural tiles associated with each city and is shown in the lower two panels of fi gure 7.5. Considering the UHI T min data, it can be seen that the largest UHI is seen during the summer months for London and Moscow, but little seasonality is seen for Athens and Cairo. Th e modeled seasonal cycle for London (using T min ) agrees well with an observed cycle based on temperature measurements within the city and a rural location. Th e seasonal cycle of the UHI T max values are broadly similar for all four cities. Th e largest UHIs are seen during the summer months and are greatest for London and Moscow. Th e UHI T max cycle for Cairo also peaks during summer, but the peak is very broad. Th e UHI T max for Athens does not display a clear seasonal cycle. Th is behavior might be due to the proximity of Athens to the Mediterranean Sea.
Frequency of Extreme Hot Temperatures
Finally, the occurrence of extreme hot temperatures is calculated for the four cities. Th e cumulative eff ects of the UHI (that is, the characteristics of the urban areas), climate change, and anthropogenic heat release are assessed. For this analysis, daily maximum and minimum temperatures for the summer period only (defi ned as June, July, and August) are considered, because the highest temperatures are simulated for this period. Extreme temperatures for each city were defi ned as those exceeding the 95th percentile of the T min and T max values of the urban tile from run (a), over the period 1971-90. Run (a) had all surface urban fractions set to zero. Th resholds were calculated separately for each city. Figure 7 .6 shows the number of days when these threshold temperatures are exceeded under runs (b)-(g). Exceeding the T min threshold is classed as a hot night, and exceeding the T max threshold is classsed as a hot day. Simulated hot nights for London and Moscow exhibit similar behavior. For the period 1971-90, the number of hot nights increases with the sequence rural, urban, and urban +25 W m −2 heat release, although the rural-to-urban increase in hot nights is larger than that caused by the addition of the anthropogenic heat release. In the future (2041-60), the UHI is projected to result in considerably more hot nights for both London and Moscow, with further increases resulting from the low and high values of the heat release. For London, urban areas experience up to three times more hot nights (40 days) than rural areas, and for Moscow, the fi gure is slightly smaller, at 30 days. For the other two cities, Athens and Cairo, the impact of urbanization on the number of hot nights for present day values is smaller than for London and Moscow but is signifi cant for the future. Th e heat release has a relatively smaller impact on the number of hot nights for Athens and Cairo than for London and Moscow. Th e assumed anthropogenic heat release for London and Moscow is larger than that for Athens and Cairo. However, this heat release is a larger proportion of the energy budget for London and Moscow, because these cities receive much less solar energy than Athens and Cairo. Th ese results show that the characteristics of the urban area itself are responsible for the majority of the increases in hot nights, with the anthropogenic heat release having a smaller but signifi cant eff ect.
Th e UHI does not have a signifi cant impact on the frequency of hot days in all four cities for the control period . However, it does result in additional hot days for the future, although the impact for Moscow is small. In all four cases, the addition of either magnitude of anthropogenic heat release to the urban area produces little or no increase in the number of hot days.
Overall, these results show that the characteristics of the urban areas are responsible for a large proportion of the increases in the number of hot days and nights in the future, with the anthropogenic heat fl ux having a smaller but oft en signifi cant impact. Th e number of hot nights projected for the two cooler northern cities (London and Moscow) appears to be more sensitive to the anthropogenic heat fl ux than the two warmer Mediterranean cities (Athens and Cairo), as we have discussed. If the same-sized heat fl uxes had been used for all four cities, this conclusion would still be true. It should be noted that a comprehensive comparison of the simulated climate against observations for each of these cities has not been conducted (except for London). Th e main emphasis of these results is on the sensitivity of urban temperatures to climate change and anthropogenic heat release. Th ey do not represent a robust prediction of future climate change in any of these four locations. 
Conclusions
Th is chapter presents an analysis of regional climate change in Europe, with a focus on the infl uence of the urban environment and urban anthropogenic heat release. Th e regional model used reproduces observed surface temperatures in nonurban areas well for both winter and summer. Th e results indicate that the UHI has the largest impact on minimum temperatures during winter and a smaller but signifi cant impact on summer maximum temperatures. Projected changes in temperature by the decade of 2050 are similar for urban and nonurban surfaces. Th e model shows that climate change itself is the main driver of increases in daily maximum temperatures, but the urban area characteristics are the main cause of increases in daily minimum temperatures. However, regional variations are apparent. Th e model also simulates the interactions between the urban area and the atmosphere, resulting in larger UHIs compared with a simulation in which the urban temperatures were calculated in isolation.
Th ese results show that the UHI is likely to change over time, and so a presentday UHI cannot be added to a future climate. Th e UHI also responds signifi cantly to changes in the anthropogenic heat emissions of a city. Th e sensitivity study has shown that including this heating (at the high value of 45/75 W m −2 ) can increase temperatures by as much as 0.5 degrees Celsius. Th e heat emission values are probably reasonable at the scale of the RCM, but within the core of large cities, heat emissions can be considerably larger.
As for the cumulative impact of climate change and UHIs on the frequency of extreme temperature events, it is apparent that the UHI itself will be the main cause of an increase in extreme temperatures during both day and night in a city, with the anthropogenic heat release having a smaller eff ect. It is essential to consider the dual role of global warming and local urban warming for assessing potential risks to people and infrastructure within cities.
Note

